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ABSTRACT 


Type III solar radio bursts have been observed from 
10 MHz to 10 kHz by satellite experiments above the 
terrestrial plasmasphere. Solar radio emission in this 
frequency range results from excitation of the inter- 
planetary plasma by energetic particles propagating outward 
along open field lines over distances from 5 R Q to at 
least 1 AU from the sun. This review summarizes the morphology, 
characteristics and analysis of individual as well as 
storms of bursts. Substantial evidence is available to 
show that the radio emission is observed at the second 
harmonic instead of the fundamental of the plasma frequency. 

This brings the density scale derived by radio observations 
into better, agreement with direct solar wind density measure- 
ments at 1 AU and relaxes the requirement for type III 
propagation along large density-enhanced regions. This 
density scale with the measured direction of arrival of 
the radio burst allows the trajectory of the exciter 
path to be determined from 10 R 0 to 1 AU. Thus, for example, 
the dynamics and gross structure of the interplanetary 
magnetic field can be investigated by this method. Burst 
rise times are interpreted in terms of exciter length 
and dispersion while decay times refer to the radiation 
damping process. The combination of radio observations 
at the lower frequencies and in-situ measurements on 
non-relativisitic electrons at 1 AU provide data on the 
energy range and efficiency of the wave-particle inter- 
actions responsible for the radio emission. 
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INTRODUCTION 


Low frequency solar radio bursts originate from 

particle-field-plasma interactions occurring in regions . 

from 5 solar radii (R ) to 1 AU and beyond. These are regions 

© 

where the coronal properties change from the rigid rotation 
conditions near the solar surface to the corotating con- 
ditions in the interplanetary medium. With increasing 
distance from the sun the solar plasma density, temperature, 
and collision rate decrease, the bulk speed increases, and 
the corona takes on the flow characteristics of the solar 
wind. The magnetic fields change from predominantly closed 
configurationsnear the solar surface to predominantly open 
configurations farther out. 

Travelling type III radio bursts which are generated 
by energetic particles moving outward along open field lines 
from their acceleration region provide a very important and 
unique source of information about physical conditions 
along the path of the exciter particles. In many cases 
these radio measurements provide a link between the ob- 
servations of phenomena occurring near the solar surface 
and the extensive in-situ observations of solar wind, 
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particles, and magnetic fields near 1 AU. However, it is 
important to note that the observed type III bursts can 
originate in regions well out of the ecliptic plane, thus 
furnishing data about extensive remote areas not accessible 
to direct space probes. 

Ground based radio observations are limited essentially 
to frequencies above 10 MHz. For lower frequencies it is 
necessary to use space platforms above the obscuring ionosphere 
and for the lowest frequencies it is necessary to make measure- 
ments at locations within the solar wind. The number of such 
space experiments has been small but the value of the data 
for remote exploration of the interplanetary process is becoming 
increasingly evident as new observational and data processing 
techniques evolve. Such techniques now permit the radio 
tracking of energetic particles in flight as they move out- 
ward from the sun (Fainberg et al., 1972) and provide for 
the first time a means of visualizing and measuring the gross 
magnetic field configuration through large volumes of inter- 
planetary space. 

This review will concentrate on spacecraft observations 
of solar phenomena made at frequencies below 10 MHz. In 
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certain cases the data will be compared to observations at 
higher frequencies to illustrate the connection and evolution 
of common phenomena. For general reviews covering higher 
frequency observations in detail see Wild et al. (1963), 

Kundu (1965), Wild and Smerd (1972), Rosenberg et al. (1973). 

In part 1 a discussion is given of the general problems 
associated with spacecraft observations along with a brief 
history of such experiments. In part 2 the morphology of 
type III bursts and storms is discussed with summaries of 
observed characteristics. Part 3 contains a series of 
analyses which have been made utilizing hectometric and 
kilometric data to obtain properties of the burst emission 
process and the interplanetary medium. 

1. EXPERIMENT CONSIDERATIONS 

1.1 Design Constraints 

The most common form of solar radio burst is 
the type III burst characterized by a rapid drift in time 
from high to low frequencies. Type III bursts have been 
interpreted (Wild et al., 1963) as resulting from the 
interactions of a group of charged particles (exciters) 
moving along magnetic field lines through the coronal plasma 
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into regions of decreasing density. The fast particles 
excite plasma oscillations of the medium at progressively 
lower frequencies. The plasma waves are partially converted 
to electromagnetic waves which may be detected at large 
distances from the source region. The intensity-time profile 
of the radio burst at a particular frequency contains, therefore, 
information on the physics of the exciter-plasma interaction 
at a particular level in the corona. 

For example, the rise time of the burst is related to 
the length of the exciter. The burst intensity reflects the 
number of particles in the exciter as well as the efficiency 
of the conversion and propagation processes. The burst decay 
represents the damping of the plasma oscillations and may 
yield information on the coronal electron-proton- interactions. 
The path of the radio burst emission regions outlines the 
gross magnetic field because of the small gyroradius of the 
exciters even near 1 AU. 

The experimental task is to obtain the intensity-time 
profiles over a wide range of frequencies (dynamic spectra) 
which then provide a measurement of these various physical 
processes as the exciter moves outward. If, in addition, 
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the burst origin can be located , then the coronal densities 
and interplanetary magnetic field configurations can be 
determined along the burst path. Because of the large 
number of bursts observable, with rates of thousands per 
day at active times, the slowly-varying as well as average 
properties of the interplanetary medium can be studied in 
this manner by radio techniques. 

At frequencies above 10 MHz many measurements of the 
complex phenomena near the sun have been made at the in- 
creasingly large groundbased antenna installations. At 
decameter wavelengths, for example, multielement interfero- 
meters with baselines of several kilometers have been used 
(Kundu, 1965). 

Spacecraft experiments, however, have severe limitations 
on weight, size, power, and telemetry data rate. Each of 
these factors serves to restrict the variety, quality and 
volume of data brought back to ground observers for analysis. 
Spacecraft subsystem radio frequency interference (RFI) most 
often occurs in the low frequency band and can saturate the 
radiometers or greatly decrease their sensitivity and 
dynamic range. The suppression of RFI requires careful 
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design and testing of all spacecraft electronic subsystems. 

Size, weight and technological considerations greatly 
restrict the receiving antenna systems to dipoles which are 
short compared to wavelength and which possess poor angular 
resolution. The available telemetry data rate greatly 
restricts the number of observing frequencies and the sample 
rate. Fortunately the radio bursts lengthen in time at low 
frequencies so that the sampling rate necessary to measure 
burst properties is reduced. However a wide dynamic range 
of the receivers, along with adequate amplitude resolution 
place great demands on the available telemetry data rate 
and this usually forms the most pressing constraint in 
modern experiments. 

1.2 History of Satellite Observations 

Ground based observations of solar radio bursts have 
been extended by Sheridan and Attwood (1962) down to 5 MHz, 
although generally the cutoff imposed by the terrestrial 
ionosphere is about 10 MHz. A radio astronomy experiment 
proposed by the University of Michigan as early as 1960 was 
flown on the 0G0-1 satellite launched in 1964. Due to an 
unfortunate combination of spacecraft system failures. 
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however, no solar bursts were observed with this experiment. 
The first spaceborne observations of solar radio bursts at 
low frequencies were obtained by Hartz (1964) in the 
frequency range 1.5 to 10 MHz using a receiver on the 
Alouette-1 satellite. Hartz found that type III events 
which appeared to originate at altitudes out to about 10 R 

© 

were observable with the short dipole antenna and frequently 
had intensities in excess of 10 db above the cosmic radio 
noise background. Slysh (1967a, b) obtained observations 
of solar bursts at 0.2, 1, and 2 MHz using the Zond-3 and 
Venera-2 data, and Stone et al. (1968) obtained observations 
at 0.45 and 3 MHz with the ATS-2 satellite. A swept frequency 
receiver covering the range 4-2 MHz was flown on OGO-3 
in 1966. Between June 7, 1966 and September 1967, 218 solar 
bursts were detected by this experiment (Haddock and Graedel , 
1970). Additional observations were obtained from the 
Alouette II satellite in the 1 to 10 MHz region and reported 
by Hakura et al. (1969) . More detailed studies of the early 
satellite observations of low frequency solar bursts have 
been published by Hartz (1969), Alexander et al. (1969), 
and Haddock and Graedel (1970) . 
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Because these observations were made with dipole 


antennas, the source locations of the radio emission were 

not known and the results were very model dependent. For 

example, assuming that an exciter speed of the order of c/3 

observed at higher frequencies persisted at larger distances 

from the sun and that the observed radio emission occurred 

at the fundamental of the local plasma frequency, then from 

these early observations of dynamic spectra it was concluded 

that the observed type III bursts were generated in regions 

of density enhancements (streamers) associated with active 

regions which extended out to at least 50 R in the corona 

0 

(Hartz, 1969; Alexander et al . , 1969). Furthermore, if the 
burst decay were due solely to collisional damping the same 
analyses suggest that within the density enhancements the 
electron temperature appeared to fall off more rapidly 
with distance than in the ambient solar wind. As these 
conclusions were extended out farther with still lower 
frequency observations, it became clear that a serious 
discrepancy existed between the results obtained by radio 
observations and those obtained by other techniques including 
direct measurements at 1 AU. 
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The radio astronomy explorer (RAE-1) launched in July 
1968 was the first satellite devoted entirely to radio ob- 
servations at low frequencies. The spacecraft provided an 
essentially RFI- clean environment for the observations of 
cosmic radio noise as well as solar bursts in the frequency 
range from 0.2 to 9 MHz. The satellite, described elsewhere, 
(Weber et al.,1971) carried two 228-meter-long V antennas 
for the study of the cosmic and terrestrial noise background, 
as well as a dipole antenna for integrated cosmic noise 
and solar burst observations. By the time that the space- 
craft experiments were turned off in 1972, many hundreds 
of thousands of type III bursts had been observed to occur 
as individual and complex events and as storms of thousands 
of bursts lasting for many days (Fainberg and Stone, 1970a) . 

The successful operation of the University of Michigan 
multifrequency radiometer on 0G0-5 extended the range of 
observations of solar bursts to 50 kHz (Haddock and Alvarez, 
1973). Type III bursts observed on 0G0-3 down to 25 kHz 
were reported by Dunckel et al. (1972) . The lowest frequency 
to date at which a Type III burst has been detected is 
10 kHz by the University of Minnesota plasma wave experiment 
on IMP-6 (Kellogg et al.,1973). 
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An ingenious technique for determining radio burst 


source directions was described by Slysh (1967c) . He 

utilized the direction finding capability afforded by 

spin modulation as well as lunar occultation to obtain 

type III source directions from data from the Luna 11 and 

Luna 12 probes at 1.0 and 0.2 MHz. Slysh concluded that 

at these frequencies the source locations for several 

large solar events were 30-40 R and 200 R , respectively, 

© © 

from the sun. The results were somewhat limited by low 
sensitivity of the short antenna and knowledge of the beam 
pattern (2.5-m rod plus housing inclined to the spacecraft 
body) and by limited information on spacecraft orientation. 

The IMP-6 satellite (launched March, 1971) provided 
the first opportunity to do extensive direction finding of 
radio sources utilizing spin modulation. On this spacecraft 
a high sensitivity was provided by long dipole antennas 
(92 m) . Accurate aspect information (< 1°) was obtained 
from optical sensors, and extensive frequency coverage from 
10 MHz to well below 10 kHz was provided by instruments of 
several experimenters (Goddard Space Flight Center, University 
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of Minnesota, University of. Michigan, and University of Iowa). 
In addition, this spacecraft included a fast electron analyzer 
(University of California) and proton analyzers (Goddard Space 
Flight Center and Applied Physics Laboratory of Johns Hopkins 
University) yielding simultaneous measurements of energetic 
solar particles. Some of these burst-associated particle re- 
sults are described later in part 3. 

In July, 1973 ; RAE-2 was launched into lunar orbit. . The 
GSFC experiment aboard this satellite will provide additional 
information on source locations and sizes derived from lunar 
occultations over a wide range of frequencies down to 25 kHz. 

Future radio astronomy experiments are planned for 
HELIOS A (1974 mission going in toward the sun to 0.3 AU), 

IME (1978 mission with a radio experiment determining out-of- 
ecliptic source directions), and MJS (1978 deep space probe 
to beyond 5 AU) . 

2. OBSERVABLE BURST CHARACTERISTICS 
2.1 Morphology of Bursts 

This section describes the observable characteristics 
of solar bursts which have been used in summarizing a large 
volume of data in terms of parameters useful for further 
analysis. For this it is necessary to discuss some general 
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aspects of the burst morphology and to indicate what para- 
meters have been most relevant. It is important to realize 
that each experimenter selects sample phenomena to study 
and interpret. It is not always evident how typical such 
samples are of the larger volume of raw data. 

The most obvious characteristic of type III bursts is 
the rapid time drift from high to low frequencies. The 
bursts have been measured over frequencies extending from 
hundreds of MHz down to frequencies near 10 kHz (Kellogg, 

1973) corresponding to emission levels located at distances 
from several tenths of a solar radius above the photosphere 
to beyond the earth's orbit. At each frequency , simple bursts are 
characterized by a rapid rise followed by a somewhat slower 
decay. There are usually cutoffs associated with both ends 
-of the frequency range for individual bursts. Some bursts 
are not observable at frequencies above a certain value 
which may be below 1 MHz. Other bursts may be observable 
only down to a frequency which may be above 100 MHz. A small 
sample of large bursts is observable over the full range of 
frequencies. It is likely that the cutoffs contain 
significant information on local emission and propagation 
conditions. 
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Figure la (Fainberg and Stone, 1970a) shows an example 
of a type III burst drifting from 5.4 MHz to below 0.5 MHz. 

The upper figure. is a plot of the dynamic spectrum in 1 db 
intensity contours above background. The lower figure is a 
plot of intensity-time profiles for 6 separate frequencies 
from a different receiver. The features of this burst, which 
characterize many bursts are evident: frequency drift, abrupt 

onset followed by a slower decay, and a high frequency cut- 
off. Figure lb shows a more common situation where several 
bursts occur closer together. Note that the different 
members of the group have different dynamic spectra; the 
high frequency cutoff of the first burst is distinctly lower 
than that of the second burst of. the group. Since type III 
bursts usually occur in groups this illustrates the difficulty 
in. measuring parameters like drift rate and onset times over 
a wide frequency range without very good frequency, intensity 
and time resolution. For this example it would be difficult 
to determine relevant burst parameters if the measured frequencies 
were separated by octaves. The low frequency cutoff in both 
figures is due to refraction in the ionosphere above. the RAE-1 
satellite. 
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In addition to isolated bursts and groups of bursts, there 
are also the phenomena of hectometer solar storms (Fainberg 
and Stone, 1970a, b, 1971a) consisting of hundreds of thousands 
of drifting bursts associated with a particular active region 
on the sun. Figure 2 shows the dynamic spectrum of solar radio 
emission near the time of central meridian passage (CMP) of 
the associated active region. The burst occurrence rate at 
2,8 MHz is about 1 burst every 10 sec. The dynamic spectrum 
for this storm recorded four days earlier is given in figure 3. 
The lower observed activity is more likely due to refractive 
beaming by the corona which tends to focus the EM radiation 
in the direction of steepest density gradient, rather than 
to changes in source activity; similar CMP effects are ob- 
served with other active regions; These figures also indicate 
the increase in burst frequency drift rate near CMP, the 
analysis of which is described in part 3, 

In addition to the large number of type Ills, a continuum 
component of hectometric storms has also been reported 
(Fainberg and Stone, 1971b). Figure 4 (Stone and Fainberg, 

1973) shows plots of average flux and minimum flux for 
successive 10-minute intervals during the August 1968 storm. 

The minimum flux plots represent background levels between 
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individual type III bursts and show that in addition to. the 
thousands of discrete exciters there is also a quasi-steady 
particle component capable of generating radio waves. 

Evidence from the IMP-6 spacecraft described in part 3 
indicates that the source emission levels of the storm 
continuum component are similar to the source emission levels 
of the type Ill's. 

2.2 Burst Parameters 

In order to summarize the large number of bursts 
for further analysis it is necessary to define and measure 
the distribution of quantities which characterize the bursts. 
There is usually an implicit assumption that groups of bursts 
and storms of bursts are made up of overlapping bursts, and 
that the study of the simple non-overlapping bursts adequately 
describes the complex situations. Isolated bursts generally 
make up only a few percent of the total and there is the 
possibility that other phenomena are involved at periods of 
high activity*. In any event most data now available per- 
tain to analyses based on simple type III bursts. 

*Type II bursts associated with interplanetary shocks have 
been reported (Malitson et al., 1973a). 
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Figure 5 (Evans et al.,1973) shows an intensity time 
profile of a representative burst in detail. Such bursts 
can be characterized by a rapid rise from background levels 
to a single peak followed by a slower exponential decay. 
Parameters useful for describing the bursts are listed 
below: 

(1) Onset time - the time at which the burst rises 
above background. For quiet background conditions 
this time is fairly well defined. However, when 
the background varies considerably because of 
magnetospheric noise or because of small solar 
bursts often present, this time may not be accurately 
determined. The onset time generally reflects the 
arrival at the appropriate coronal level of the more 
energetic particles comprising the exciter. It 
also includes the radio propagation time to the 
observer . 

(2) Peak time - the time of the burst maximum. This 
is usually well defined except when the receiver 
saturates. It depends on the arrival of the more 
numerous slower exciter particles at the appropriate 
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emission level and also includes the radio propaga- 


tion time to the observer. 

(3) Burst excitation time (t ) -time measured from the 
burst onset time to the time past the peak when 
the observed exponential decay just becomes linear 
on a log plot. Aubier and Boischot (1972) show that 
this time can be interpreted as the duration of the 
exciter at a particular coronal level . 

(4) Burst decay time (t^) - time taken for the emission 

tro decay by a factor of e ^ during the exponential de- 
cay. It is important to note that most simple bursts 
show a nearly exponential decay extending for large 
bursts over 4 or 5 decades of intensity. Most ob- 
servers believe that negligible excitation is present 
during this decay phase. 

(5) Burst intensity - peak intensity of the burst measured 
in flux at the antenna or in terms of an equivalent 
antenna temperature. This quantity depends on the 
exciter-plasma-electromagnetic radiation conversion 
processes as well as on the propagation conditions 

to the observer. 
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(6) Burst onset drift rate - frequency drift rate of 
the onset times of a given burst. This quantity 

is available only when there are clear onset times. 
Because of the radio propagation time, the burst 
onset drift rate depends on the exciter direction 
relative to the observer. 

(7) Burst peak drift rate - frequency drift rate of peak 
times of a given burst. This quantity is usually 
well defined. It also depends on the orientation 

of the exciter direction to the observer. 

(8) Burst occurrence rate - number of bursts observed 
per unit time. This can be determined when the 
bursts do not overlap severely. Solar storms appear 
to have a different burst distribution of amplitudes 
(more small ones) than bursts associated with flares. 
The burst occurrence rate depends on the existence 
of active regions and is likely to vary extensively 
with activity in the solar cycle. 

(9) Burst arrival direction - average direction of 
arrival of the solar burst with respect to the 
observer-sun line. Recent data processing 
techniques permit this quantity to be determined 
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from spin modulated spacecraft data (even with short 
dipoles) to within one-degree accuracy (Fainberg 
et al., 1972). The determination of this information 
has allowed radio bursts to be tracked out to 1 AU 
from the sun. 

(10) Background level - level before and after burst. 

Bursts are observable only when they are above the 
background levels that exist in the absence of the 
burst. These levels may be set by various causes: 

(a) Receiver noise . This is generally not a problem on 

satellite experiments except with very short 
antennas. 

(b) Spacecraft RF1 . Conducted or radiated interference 
has been a problem with a number of spacecraft 
experiments and can greatly reduce the dynamic 
range and sensitivity of the experiment. 

(c) Ionospheric and magnetospheric noise . At low 
frequencies the magnetosphere becomes a prolific 
source of various kinds of sporadic radio 
emission. At frequencies of several hundred kHz 
and below, magnetospheric noise often dominates the 
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background (Stone, 1973) . This can be reduced 
only by going to large distances from the earth 
or behind the moon.* 

(d) Galactic background . A large number of careful 
measurements have been made to determine the 
low-frequency galactic component (Alexander, 
1971^ Weber, 1972; Brown, 1973). This component 
drops rapidly with frequencies below several 
MHz. 

The burst characteristics discussed here exhibit a strong 
dependence on frequency. These changes reflect the evolution 
of the burst exciter-plasma interaction as the exciter moves 
outward. The dependence of these parameters on frequency and 
other factors forms the basis for the detailed extraction of 
physical information described in part 3. However, at this 
point it is useful to give a first picture of this dependence 
over a wide range of frequencies for several important para- 
meters . 


*A spacecraft devoted to radio astronomy studies ,RAE-2 , has 
been launched successfully (June, 1973) into lunar orbit. 
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Figure 6 (Alvarez and Haddock, 1973) shows the wide 
range of drift rates characterizing type III bursts. It is 
striking that a power law dependence seems to hold over many 
decades. However, it is important to note that the scale of 
the figure can disguise many systematic variations present. 

For example, systematic drift rate changes which appear as 
small changes on this figure nevertheless contain very valuable 
information which can lead to a determination of emission levels 
(see part 3) . 

Figure 7 presents a similar overview of the variation 

of excitation time t and decay time t _ with frequency. Both 

e d 

parameters display a power law dependence on frequency with 
a similar slope and show that the type III profile scaled 
approximately as f 1 remains remarkably constant over a wide 
range of frequencies. However, there are systematic changes 
of these parameters (Aubier and Boischot, 1972) which are 
washed out on the scale of this figure. 

Figure 8 (Evans et al., 1971) is an extension of a previous 
figure (Wild et al., 1963) with data from RAE-1 added. This 
indicates that the observed flux from both type III bursts 
and storms continues to increase with increasing wavelength. 
Figure 9 is a similar figure, giving brightness tempera- 
tures assuming a large emitting area for the low 
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frequency radiation (intersection of a 40° cone with apex 
at the sun with the appropriate spherical plasma level) . 

3. ANALYSES OF RADIO BURST DATA 

The analyses of solar radio bursts at low frequencies 
have proceeded in ways similar to earlier work done at 
higher frequencies. The goal is to account for the ob- 
servable features of the bursts in terms of particle-plasma 
interactions and then to use the bursts to gain information 
about the complex processes and conditions existing in the 
solar environment. At lower frequencies where the exciter 
particles travel large distances, it is reasonable to expect 
that the bursts relate to large scale features of the solar 
wind. 

In the following sections we summarize a number of 
analyses that have been made which have led to quantitative 
results. In many areas the field is evolving rapidly as new 
data and interpretations become available. 

3.1 Emission Level Scale 

The emission level scale of solar radio bursts is 
one of the more fundamental relations necessary to determine, 
since it relates directly to the interpretation of most 


22 



other burst parameters. Although the average emission 
level as a function of frequency is sought ,it is clear that 
most observers realize that large scale fluctuations are 
likely because of the dynamic conditions in the outer corona. 
However, observations of the sizes of radio bursts and ob- 
servations of the extent of energetic particles near 1 AU 
indicate that low-frequency solar burst regions 
subtend some tens of degrees from the sun so that any one 
burst is itself an average over a large region of space. 

At higher frequencies , ground -based observers of 
solar bursts with large telescopes can measure the location 
of the emission levels directly^ using limb events (Wild 
et al.,1963; Wild and Smerd, 1972). At frequencies below 
80 MHz , ref ractive bending of ray paths through the ionosphere 
becomes increasingly important and large corrections must 
be made. For low-frequency observations made from space 
platforms above the ionosphere, the experiments so far have 
been restricted to antenna systems with dimensions short 
compared to wavelength so that sufficient direct antenna 
resolution is not possible. 

In the following sections , analyses are reviewed which 
yield the emission levels of the observed solar radio bursts. 
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In order to relate the electromagnetic radiation to plasma 
density in the emission region it is necessary to know 
whether this radiation is observed at the fundamental or the 
harmonic of the source plasma frequency. When both the 
fundamental and harmonic components of solar bursts are 
observed^ this identification is unambiguous. For type III 
bursts in the decametric and longer wavelength regions such 
pairs are very rare; it is not clear whether any single burst 
is observed at the fundamental or harmonic of the plasma 
frequency. 

3.1.1 Drift rates 

In the absence of position measurements, most 
observers have used the frequency drift in time of the radio 
bursts to get information on emission levels. The observed 
time that it takes a burst to drift from one frequency to a 
lower one depends on the distance separation between emission 
levels, the time it takes the exciter to pass between levels, 
and the difference in radio propagation time from each emission 
level to the observer. 

In attempting to interpret dynamic spectra, 
one can assume that the exciter speed remains constant, 
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the trajectory radial or otherwise defined, and utilize the 

time difference between two heights to convert the drift 

rate observations to a distance scale. A comprehensive 

analysis of bursts observed with the Alouette satellites 

was carried out by Hartz (1969) in this manner for frequencies 

between 10 MHz and 0.6 MHz. He assumed an exciter speed of 

0,35c and a level of 4.5 R for the burst at 10 MHz and 

© 

obtained results summarized in figure 10. 

A somewhat different approach was followed also by 
Hartz (1969), as well as by Alexander et al . , (1969) which 
was applicable to streamers of enhanced density. First, 
assuming collisional damping, the variation of electron 
temperature with frequency was obtained from the burst 
decay times. Then an equilibrium was assumed between the 
gas pressure plus magnetic pressure in the (assumed) streamer 
and the total pressure in the surrounding coronal plasma. 
Utilizing a model proposed by Sturrock and Smith (1968) 
in which a streamer is the visible manifestation of a current 
sheet between two tubes of opposite magnetic flux, the magnetic 
flux in the streamer wastaken to be negligibly small. Taking 
available models of density, temperature, and magnetic field 
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for the ambient solar wind, the temperature was found to 
decrease as R 1 and the density was enhanced by a factor 
of 10-20 as illustrated in figure 11 (Alexander et al., 

1969) . Realizing that the assumption of collisional 
damping might be in error, these authors investigated also 
the assumption that the temperature in the solar wind and 
streamer were similar. This model is designated as Model II. 
In this analysis, the observed radio emission is assumed 
to occur at the fundamental of the plasma frequency. 

The opportunity to pursue a somewhat different analysis 
also based on drift rates occurred with RAE-1 satellite 
observations of a storm of type III bursts (Fainberg and 
Stone, 1970a, b, 1971a). This storm, consisting of many 
tens of thousands of bursts, was connected with the passage 
of one solar active region in August, 1968. Because of 
solar rotation, the radio emission travel time to the ob- 
server varied in a strikingly systematic way. Figure 12 
shows the variation in observed peak drift times on a day- 
by-day basis through one half solar rotation. (The storm 
had also been visible in the previous solar rotation at a 
reduced intensity.) Using a least squares analysis 
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(Fainberg and Stone, 1971a), a function depending on three 
parameters (level separation, exciter speed, and time of 
central meridian crossing) was fitted to the data. In effect, 
this analysis utilized the change in observed burst character- 
istics due to the angular rotation of the sun, to compensate 
for the poor angular resolution of the dipole. Six frequencies 
from 0.54 MHz to 2.8 MHz was used and both the emission level 
separations and exciter drift rates were derived simultaneously 
corresponding to each pair of frequencies. With a level chosen 
for the radiation at 2.8 MHz, this analysis yielded an emission 
level scale with a power-law dependence on distance similar 
to the coronal density data summarized by Newkirk (1967). 

The least squares fit of the RAE data to a power law is 
given by 

f - 66.8 R -1 ' 315 (1) 

obs v ' 

where f Qbs is observed type III burst frequency in MHz and 

R is distance to sun in solar radii, R > 10 R . The RAE 

< 5 > 

observations are shown in figure 10 and compared with other 
analyses based on single bursts.* 

*An analysis based on intense burst groups observed on OGO-5 
has been published recently (Alvarez and Haddock, 1973). 
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In order to derive densities at the corresponding 


emission levels, it is necessary to know whether the ob- 
served burst radiation is at the fundamental or the harmonic 
of the plasma frequency. The scale on the left in figure 
10 is based on an assumption of fundamental radiation, and 
it is noted that such derived densities are an order of 
magnitude higher than estimates for the solar wind. Similar 
results obtained at higher frequencies have been interpreted 
in terms of emission taking place in dense streamers. How- 
ever, the existence of large dense regions beyond 5 solar 
radii occurring often enough to account for type Ills has 
not been reported. At 1 AU the in-situ measurements of 
density show enhancements by a factor of 10 to be very rare. 
If, however, the low-frequency type III radiation occurs at 
the harmonic of the plasma frequency, then derived densities 
from the observed emission levels are a factor of 4 lower 
and in better agreement with the Newkirk summary. This is 
indirect support for the interpretation that low- 
frequency type III solar bursts are observed at the harmonic 
of the plasma frequency. Further evidence for this is 
discussed later. 
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Additional information on emission levels is provided 
by determining the direction of arrival of radiation from 
limb events discussed in the next section and from an 
analysis of type II emission discussed in section 3.1.3. 

3.1.2 Burst Arrival Direction 

Due to antenna rotation on a spin-stabilized 
spacecraft, the received radiation possesses a definite 
modulation pattern. When the dipole axis is perpendicular 
to the source direction the received power is maximum; when 
the dipole axis is closest to the source direction the 
received power is minimum. It is clear that if the orientation 
of the antenna is known, then the direction of -arrival of 
the radiation can be determined from the phase of the ob- 
served modulation pattern. In this manner Slysh (1967c) 
made estimates of the arrival direction of several bursts 
at 0.2 and 1 MHz. His results were apparently affected by 
limited information. on spacecraft aspect. . 

This technique was developed, to a. high.-.; 
precision (Fainberg et al . , 1972) with the experiments on- 
IMP-6, launched in March, 1971. . In this satellite, the • . 

spin axis was perpendicular to the ecliptic ; plane and ; 
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optical sensors were used to determined the sun position 

precisely. A powerful data-processing technique was 

developed at Goddard which utilized the entire modulation 

pattern to determine arrival directions. It was found 

possible to determine the burst arrival direction to within 

1 degree accuracy with respect to the sun earth-line with 

just a few minutes of observed data. Figure 13 shows a 

type III burst originating near the solar west limb. The 

insert of this figure shows the spin modulation of the 

received signal for a portion of this burst at 250 kHz. 

From the modulation, burst arrival directions as a function 

of frequencies were determined and are shown in figure 14. 

The open circles on this figure indicate the points of 

closest approach of the burst arrival directions to the 

sun. The closed circles are the intersections of these 

lines with spherical emission levels based on the RAE 

emission level scale, eq (1), Figure 15 shows these data 

plotted on a density-distance scale. The lower line in this 

figure is an interpolated density scale between a value at 

10 R from light-scattering observations and a value at 
© 

1 AU from in-situ measurements. The open circles are the 
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distances of closest approach of the emission from the sun. 

The upper line is the RAE emission level scale if radiation 
occurs at the fundamental. If the radiation occurs at the 
harmonic, then the densities derived from the distance of 
closest approach become the set of squares. This 
limb event provides strong evidence that hecto- 
metric and kilometric bursts are observed at the harmonic 
of the plasma frequency. It is also significant that in 
many thousands of observed low-frequency type III bursts 
no cases have been reported by the Goddard group where 
both fundamental and harmonic components were observed. 

Haddock and Alvarez (1973), however, have interpreted 
most complex type III events observed on OGO-5 as having 
fundamental and harmonic components. They have concluded 
that there is a transition frequency (which varies from 
burst to burst) below several MHz where the burst changes 
from predominantly fundamental to predominantly harmonic 
radiation. This interpretation depends on the appropriate 
identification of features of complex events measured with 
a radiometer with frequency separations of octaves. In the 
absence of published intensity-time profiles of any of the 
bursts used, it is not clear how unique such an identification 
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is. Moreover, ray tracing computations taking into 
account scattering and refraction suggest that for frequencies 
below 3 MHz it is very difficult for radiation near the plasma 
frequency to propagate out of the emission region, and when 
it does it may be delayed by many minutes from the harmonic 
radiation (Steinberg, 1973) . 

Upon examination of many type III bursts using 1-1/2 
years of data from IMP-6, the Goddard group has found that 
the RAE emission level scale, eq. (1), is reasonable for 
levels out to 1 AU. At 1 AU, this scale indicates an 
emission level of 57 kHz. For a large number of bursts, 
spin modulation disappears near this frequency ^ implying 
that the spacecraft at 1 AU is surrounded by the emission 
region. In addition, the burst onset time of the 55 kHz 
channel most often corresponds to the onset of energetic 
electrons (Lin et al . , 1973) measured on the same space- 
craft as discussed in section 3.2. 

3.1.3 Type II Observations 

Additional support for the RAE scale and 
for the harmonic interpretation of type III bursts at low 
frequencies has been provided by the analysis of a low- 


32 



frequency type II shock event which occurred in Aug. , 1973 
(Malitson et al,, 1973b). Such low-frequency type II events 
do show clearly identifiable fundamental and harmonic com- 
ponents (Malitson et al., 1973a) in strong contrast to low- 
frequency type III bursts where only one component is 
unambiguously observed. For this event, the initiation of 
the shock at the sun was well determined by the time of the 
associated flare and by high-frequency type II radio ob- 
servations (Maxwell, 1973). The arrival of the shock at 
1 AU was also well determined by the time of a large sudden- 
commencement magnetic storm. Figure 16 shows these ob- 
servations on a distance-vs . -t ime plot, where the flare 
is represented by a dot in the upper left (around 1500 UT, 

1 R ). The sudden commencement geomagnetic storm is 
© 

similarly represented by a dot at 2354 UT at 1 AU . The 
straight line drawn between them represents the average 
velocity of the shock front over the 1 AU distance, about 
1270 km- s \ Area A shows the observations of Maxwell (1973). 
Areas B,C, and D give the times during which type II 
radiation at the fundamental was being observed at the 
various frequencies from IMP-6. -These observations have 
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been placed on figure 16 according to the RAE emission level 
scale, eq (1), i.e. assuming that the type Ill’s are ob- 
served at the fundamental. If the alternate assumption 
is made that the type Ill's are observed at the plasma 
frequency harmonic, then the type II observations (at the 
fundamental) are plotted as in figure 17. In this case, 
some 30-kHz emission that was observed coming from the 
solar direction just before the arrival of the shock at 
the earth, is also plotted. The considerably better agree- 
ment of the IMP-6 data with the optical and magnetic ob- 
servations seen in figure 17 suggests strongly that the 
RAE emission level scale refers to types Ill’s observed 
at the harmonic of the plasma frequency. 

3.2 Electron- Type III Correlations 

The way in which energetic charged particles 
interact with a tenuous plasma to produce electromagnetic 
radiation is a fundamental question in radio astrophysics. 

The combination of low-frequency radio observations of solar 
bursts, and the in-situ measurements of the interplanetary 

plasma, magnetic field, and energetic solar particles affords 
a unique opportunity to study these processes within the 
source regions. 
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There now appear to be compelling reasons to believe 
that non-relativistic electrons with energies above 5 keV 
are the exciters of type III bursts, although protons and 
hydromagnetic shock waves have also been proposed in the 
past. Smith and Fung (1971) had considered protons as the 
exciter to overcome the theoretical difficulties associated 
with stabilization of a spatially unbounded and homogeneous 
electron stream. Proton events of the required energy of 
~50 Mev are rare compared to the large number of type III 
bursts. Furthermore, proton events seem to correlate more 
closely with type II and IV solar bursts than with type III 
events . 

Early studies revealed that solar electron events are almost 
always accompanied by type III bursts. These investigations 
were continued by Alvarez et al., (1972) who found an almost 
one-to-one correlation between intense kilometer wavelength 
type III bursts and ~ 20 keV electron events detected at 
1 AU from flares located in the western solar hemisphere. 

As noted by these authors, the good correlation of hectometer 
type III with flares probably reflects the fact that only 
large radio bursts were used. Of a total of 56 distinct 
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type III bursts arising from flares, 26 that were located 
west of central meridian were followed about 25 minutes 
later by electron events observed at 1 AU. For type III 
bursts associated with flares located at longitudes east 
of W09, there were no correlations with electron events. 

This type of solar longitude effect was understood 
in terms of the propagation characteristics of solar 
electrons along an Archimedean spiral field structure in 
the interplanetary medium. Electron events observed in the 
vicinity of the earth must travel along field lines which 
connect back to the sun in the vicinity of W50 solar 
longitude. Since these electrons cannot propagate easily 
across the magnetic field, Alvarez et al . attribute the wide 
solar longitude range observed to be due to the extended 
particle emission region of the order of 50° at or near 
the sun. 

A similar correlation exists between the hectometric 
storms discussed by Fainberg and Stone (1970a) and non- 
impulsive co-rotating - 20 key electron fluxes observed at 
1 AU. Sakurai (1973) has investigated the occurrence of 
solar energetic particles and wide- band continuum storms 


36 



from metric to hectometric frequencies. Figure 18 illustrates 
the comparison of radio and electron data for one such period. 

Results obtained by Frank and Gurnett (1972) and by Lin 
et al. (1973) provide further strong evidence that non- 
relativisitic electrons are the source of type III emission. 
However, the two papers disagree as to which energy electrons 
are involved. Frank and Gurnett interpret their results 
as implying that electrons of the order of 5-6 keV produce 
the radio emission while Lin et al . obtain results indicating 
electrons with energies in the range 10-100 keV are primarily 
responsible for the low-frequency emission. 

In the Frank and Gurnett experiment, the radio emission 
onset time observed at 31 kHz was followed 2600 seconds later 
by the arrival of the 5—6 keV electrons. If these electrons 
are in fact the correct exciters, then the time delay would 
imply that the 31-kHz plasma level was located at a distance 
from the sun of less than 1 AU. The reason for their 
choice, made in the absence of positional information on 
source location, was that the local plasma density at 1 AU 

_3 

was 5.0 cm , corresponding to a plasma frequency of the 
order of 20 kHz. Although the experiment had a channel 
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closet to this frequency, no radiation was observed. The 
authors attribute this to the decreased burst intensity. 

With a plasma level of 20 kHz at 1 AU and assuming radiation 
at the fundamental of the plasma frequency only, the 31-kHz 
and higher- frequency plasma levels are established through 
an inverse-square-law dependence of density on distance. 

The time delay over this distance establishes the particle 
speed and thus an energy of 5-6 keV for the exciters. 

The results of Lin et al . , (1973) have the decided 
advantage of the directional information provided by the 
radio experiment. Furthermore, their analysis made use 
of the recent evidence that the radio emission occurs at 
the second harmonic of the plasma frequency. The solar 
electron events selected for analysis included a scatter- 
free event (27 April, 1972) and one exhibiting a diffusive 
time profile (16 May, 1971). The trajectory of the May 
1971 event as determined by the radio observations is shown 
in Figure 19. Assuming that the burst is centered on the 
ecliptic plane, the angular size of the 67~kHz radio burst 
viewed from the spacecraft is about 160° which would re- 
quire it to be located at about 190 R , At the observing 
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frequency of 55 kHz, the absence of spin modulation indicates 
that the burst is isotropic and therefore requires this 
level to be essentially at the satellite's orbit (1 AU) . 

Since the radiation occurs at the second harmonic, a 
frequency of 55 kHz is consistent with an average solar 

_3 

wind density of 4-8 cm (Wolfe, 1972) at 1 AU. The arrival 
times at 1 AU of electrons of various energies are com- 
pared with the radio observations in Figure 20 for the 
May 1971 and April 1972 events over the frequency range 
from 2600 to 44 kHz. 

Although burst profiles frequently appear simple at 
the lower frequencies, they may in fact be compound as can 
be seen for these cases at the higher frequencies. This 
somewhat typical characteristic complicates analysis over 
a large range of frequencies and leads to some degree of 
uncertainty in measurements of drift rates, particularly 
at the higher frequencies. In figure 20,0 and M refer 
respectively to the onset and maximum of the bursts at 
the lower frequencies. The arrival times of electrons of 
various energies are also indicated on the figure. For 
Figure 20a, the 55-kHz emission onset time is coincident 
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with the arrival of the 100-200 keV electrons. The burst 
grows to its maximum intensity as the more numerous lower- 
energy electrons arrive. For this diffuse electron event, 
particle observations give a total trajectory length L of 
1.68 AU while the radio observations (Figure 19) give an L 
of 1.25. The apparent path difference is explained in terms 
of pitch angle scattering of the burst exciter. This is also 
consistent with the difference between drift velocities 
derived from the radio data and the speeds of the correspond- 
ing particles. 

The scatter- free event of April 1972 reveals that in 
this case the emission frequency of 44 kHz occurs near 1 
AU. The onset of the radio burst at this frequency again 
corresponds to the arrival of 100-200 keV electrons. For 
this event, L is found to be 1.4 AU from electron onset times 
compared to 1.25 AU from the radio data. This suggests that 
since there is less scattering, there sould be a larger 
drift rate derived from the radio data. The drift rate is 
found to be a factor of 2 greater here than for the May 
1971 diffuse event. 

Therefore, the picture which evolves from the analysis 
of Lin et al . (1973) is that electrons with energies of 
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~10-100 keV are the exciters of type III bursts. The 
two events, observed under conditions of differing plasma 
density at 1 AU, lead to the same result. For both events 
the burst maximum corresponds to the arrival of ~10 keV 
electrons while the start of the constant decay phase of 
the burst (indicating end of excitation) occurs with the 
arrival of electrons of energy of the order of 5-6 keV. 

The results of Frank and Gurnett (1972), as they point 
out, would yield 24 keV as the energy of the associated 
electrons if the radio burst (6 April 1971) was observed 
at the second harmonic. This interpretation seems compelling 
since the directions of arrival of the radio emission 
(determined by the GSFC experiment on IMP-6 for the 6 April 
1971 event) place the emission at least a factor of 2 farther 
out from the sun than the positions used by Frank and Gurnett. 
In addition, the higher sensitivity of the GSFC radio exeri- 
ment indicates somewhat earlier onset times for the low- 
frequency radio burst components, bringing the burst at 1 AU 
into better agreement in time with the > 45-keV electron 
channel . 

The view provided by these analyses of electron events 
is that electrons associated with type III bursts are 
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emitted at the sun with an abrupt onset and with fluxes 
having a power law (differential) dependence on energy 
from several hundred keV to below several keV. On travelling 
out from their source region the electrons develop a separa- 
tion of energies near the leading edge. It appears that 
during this separation significant radio burst excitation 
occurs (Lin et al . , 1973). 

The density of fast particles at the time of maximum 

—6 -3 

intensity of the 55- kHz radio emission is ~10 cm for 

the May 1971 event. An estimated source size, from higher 

frequency observations, of ~40° fWHM and the receiver band- 

37 3 31 

width give a volume of ~8 x 10 cm containing 8 x 10 

fast electrons. From the maximum emission of 8.8 x 10 
2 

ergs/ cm sec at 55 MHz, Lin et al . estimate that the loss 

rate to electromagnetic radiation is small and of the order 
-9 

of 4 x 10 keV/sec per fast electron. 

3.3 Burst Trajectory 

The locus of the type III burst emission region 
in space is the path of the exciter particles. Because 
of the small gyroradii of these particles, they are constrained 
to move out along the large-scale magnetic field lines. In 
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this way, the radio observations of type III bursts can ...... 

provide unique information on magnetic field configurations 
in the solar wind. 

3.3.1 Solar Storm Studies 

In the analysis of the hectometric storm 
of August 1968 (Fainberg and Stone, 1971a) it was found that 
there was a progressive delay with increase in altitude, in 
the time of CMP of the emission region as solar rotation 
carried it westward. Sakurai (1971) investigated the 
associated flare and type I activity (Nancay) during, this 
period and showed that there were present two large active 
regions (McMath 9593 and 9597) separated by about 30° in 
longitude. Both the hectometric noise storm and the type I 
noise storm seemed to be associated with the latter region. 
(9597). On the other hand, Stewart and Labrum (1972) found 
that the 80-MHz positions of the type III bursts observed 
at Culgoora were displaced to the west of the type I storm 
region. They point out that these locations indicate that 
the type I activity was located in a region of strong loop- 
type magnetic fields, while the type III storm (with. high- 
frequency cutoffs) started in the weak-field regions, 
probably near a magnetic cusp. In this view, strong MHD 
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waves propagating through the type I source region to the 
cusp region trigger pinch instabilities leading to electron 
accelerations at relatively high points in the corona. 

3.3.2 U Bursts 

The dynamic spectra of U bursts are 
characterized by a drift to lower frequencies and a sub- 
sequent return drift to higher frequencies. The initial 
drift rate is similar to that of type III bursts, but de- 
creases as the reversing frequency f is approached. 

min 

U bursts, which are not rare at meter wavelengths, are 
considered to be a variant of type III events in which the 
exciter is constrained after the initial outward motion 
to return to lower coronal heights along a magnetic loop 
structure produced, for example, by a bipolar field con- 
figuration. 

The occurrence of low-frequency U bursts 
is rare, although ten such events have been clearly identified 
in the analysis of several years of RAE-1 data near solar 
maximum. One U burst observed at hectometer wavelengths 
by the RAE-1 satellite is shown in figure 21a (Stone and 
Fainberg, 1971). Assuming a constant exciter speed of 
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0.3c and combining this with two constraints. — the radial 

distance scale and the total distance along the path upward 

from a particular plasma level and back down to the same 

level- the trajectory shown in figure 21b was obtained. 

Using the RAE-1 density scale with the reversing frequency, 

the outer extent of the magnetic loop was found to be about 

35 R . Schatten (1968) has indicated that magnetic loops 
© . 

convected outward which lead to new magnetic sectors are 
not rare. 

3.3.3 Individual Burst Events 

Low-frequency burst measurements of intensity 
and arrival direction combined with an emission level scale 
allow a determination to be made of the radio trajectory 
through interplanetary space for events such as is illustrated 
in figure 19. This figure, however, is a summary over the 
history of the event; it is of considerable interest to examine 
the dynamic processes during the passage of individual type 
III bursts. A computer technique for processing IMP-6 data . 
to show the dynamic nature of the bursts was developed at 

' * ‘ i. . * . » .. ’ f ’■ i 1 1 * 

Goddard. The format of the plots is shown in figure 22. . 

The plane of the figure is the ecliptic with west to the 
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right and east to the left. A grid of four concentric 

circles separated by 50 R is plotted. A fifth innermost 

© 

circle is located at 5 R ; the way in which satellite measure- 

Q> 

ments complement ground-based observations can be appreciated 

by noting that ground~based measurements deal primarily with 

phenomena occurring within the 5 R circle. 

<•> 

For each minute of spin-modulated data, the arrival 
direction is determined. The intersection of this direction 
with the level given by the emission level scale is determined 
and a radial line segment is plotted with a length proportion- 
al to the logarithm of the burst intensity above background. 
Figure 22 consists of a collection of these intersections 
for a period of 5 minutes. The plot shows a solar burst 
in progress with the main part of the burst located at 

50 R . If the start time of each frame is advanced a small 
© 

amount, a movie can be prepared which graphically presents 
the progress of the burst moving out from the sun. Figure 
23 shows a sequence of frames separated by 2 minutes during 
this radio burst. These are taken from a movie shown at 
IAU Symposium No. 57 on Coronal Disturbances (Surfers 
Paradise, Australia, 1973) . For an extended period of days 
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before and after this burst, there was a low-level solar 

storm of thousands of type III bursts detectable out to 

1/3 AU. At 2026 UT, the larger type III burst is just 

visible near the sun. At later times, the radio emission 

regions of interplanetary space farther out become visible. 

At 2036 UT the main part of the exciter is located between 

50 and 100 R , but the faster particles have moved ahead 
© 

and have reached 1 AU. From this frame, the Archimedean 

spiral of the interplanetary magnetic field guiding the 

burst exciter is evident. At later times, the excitation 

at higher frequencies ceases and by 2050 UT the burst for 

the first 100 R is no longer visible; the activity present 
© 

in that region is that of the long-lasting solar storm. 

This particular burst had a faster than usual frequency 
drift rate. 

Some bursts exhibit cutoffs at one end or the other 
of their range. In figure 24 a type III burst starts at 

1531 UT near 50 R and progresses outward to 1 AU. At 

o 

1602 UT a second burst starts much closer to the sun and 
progresses along much of the same trajectory. The first 
event is an unusual extreme case of a class of bursts that 
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exhibit high-frequency cutoffs. Often such bursts are 

western limb events, so that the cutoff is probably caused 

by EM wave refractive effects. This case, however, may be 

an example of electron acceleration due to reconnection 

of magnetic fields very distant from the solar surface. 

In other cases, low-frequency cutoffs exist. Figure 25 shows 

two bursts which fade out before reaching 50 R . Other 

0 

bursts were observed that exhibit kinks and reverse curvature 
in their trajectories. It is clear that a range of inter- 
planetary phenomena remain to be explored by these radio 
techniques . 

3.4 Burst Exciter Properties 

The properties of the burst exciter will be better 
understood when more is known about the physics of the very 
complex beam-plasma-electromagnetic-wave interaction processes. 
Although many theoretical investigations have been made 
(see Smith, 1973) , the theory of how much electromagnetic 
radiation is produced by a given charged particle beam 
moving through interplanetary space is not yet at the stage 
of yielding reliable results. 
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In the absence of complete theoretical treatments, 
some investigators have tried to draw physical interpreta- 
tions about the exciter properties based on very crude 
simplifying assumptions. Such assumptions can be criticized 
in many ways, but, nevertheless, it is often of interest to 
see where they do lead. 

The starting place for some of these studies (Hughes 
and Harkness, 1963; Aubier and Boischot, 1972; Evans et al . , 
1973) are the observed intensity-time profiles of the radio 
burst at various frequencies. The basic idea here is that 
the rise portion of the radio burst is directly related to 
the buildup of plasma oscillations in the medium as the 
exciter moves through a particular coronal level; the longer 
decay phase of the burst is related to the decay of the 
plasma oscillations through various possible damping 
mechanisms. The frequency drift of the burst in time re- 
flects the velocity of the exciters as they move outward. 

The growth in the burst rise time at lower frequencies, in 
this view, reflects the growth in the physical length of 
the exciter because of its velocity dispersion. 
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In this manner Aubier and Boischot (1972) related 
the intensity of the radio burst I ( t ) at time t to the 
exciter profile P(t'), where t' is the time measured from 
the start of the exciter when at the coronal level correspond- 
ing to the observing frequency. 

Then 


I(t) 


- 


(t-t T ) 
t . 


P(t') e 


dt 


( 2 ) 


where t is the e-folding decay time. 


If the exciter has a duration in time of t . then 

e 


-t 


/t 


I(t) = (constant) e , for t > t . (3) 

e 

By plotting the burst profile on a ln(I) vs. time plot, as 

in figure 5, t and t can be determined for simple bursts. 

The top part of figure 5 shows a burst profile measured on 

19 June 1971 at 155 kHz while the lower curve gives the same 

data with the cosmic noise continuum background subtracted. 

The time t* is the effective time at which the burst profile 

clearly changes to exponential decay, and with the subtraction 

of the onset time yields the excitation time t . 

e 
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Figure 5 shows clearly the commonly observed exponential 
decay typical of type III bursts. In this case the exponential 
decay extends uniformly over four decades of intensity. 

Single large bursts permitting this analysis are rare and 
usually account for less then several percent of bursts ob- 
served. However, it usually appears that groups of bursts 
are composed of overlapping single bursts with similar 
characteristics. 

Evans et al., (1973) have analyzed 35 single bursts 

observed with RAE-1 and IMP-6 covering the frequency range 

of 2.8 to 0.067 MHz, which corresponds to emission levels 

from 10 R to 200 R . They find that this range of data 
o © 

(from 2.8 MHz to 0.067 MHz) exhibit a power law dependence 
on frequency with least squares fits given by 

t = 4,0 x 10 8 j" 1 - 08 (4) 

e 

t = 2.0 x 10 8 f -1,09 (5) 

d 

where f is in MHz, and t and t are in seconds. These 

d e 

results as well as results in the literature obtained by 
other workers are shown in figure 7. Both quantities show 
a frequency dependence which varies approximately as f ^ 
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over a wide range of frequencies. Since t is a measure 

0 

of the burst rise and t , is a measure of the burst decay, 

d 

this dependence on frequency indicates that the type III 
burst profile normalized by f ^ is remarkably constant 
over a large frequency range. 

3.4.1 Exciter Velocity 

Values of exciter speed are usually derived 
from drift-time measurements in conjunction with an emission 
level scale. Satellite measurements over the first 40 R 

© 

(Hartz, 1969; Fainberg and Stone, 1970b) have yielded average 
exciter speeds of about c/3 and indicate that there is no 
appreciable slowdown over that range. However, an analysis 
of IMP-6 data (Fainberg et al., 1972) yielded a measurable 
slowdown apparent at greater distances. Figure 26 shows this 
result. Similar results exist for other bursts (Evans, 1973). 

These results do not necessarily imply a loss 
of energy in the exciter stream corresponding to the velocity 
change. It may be that increased pitch angles along the 
path due to scattering reduce the projected forward velocity 
without appreciably affecting the energy. Evidence that the 
total path traveled by electrons is longer than the average 
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spiral distance to the sun has been reported by (see Lin, 

1973). In addition, Lin also reports that electrons 

are measured with appreciable pitch angles at 1 AU, 

Investigators have tended to think of the exciter 
particles in terms of a packet of superthermal particles 
with a small spread of velocities. The small spread is 
required by the observed rate of growth of the burst rise 
time at increased distances. The restricted range of 
velocities in such an exciter leads to difficulties because 
of the rapid slowdown via the two-stream instability , as 
pointed out by Sturrock (1964) . Various investigations 
have been undertaken to see what effects might stabilize 
such a velocity distribution with much recent work available 
(see Smith, 1973) , 

Observations of energetic electrons measured simultaneously 
with radio bursts at low frequencies have been discussed in 
section 3.2; there, evidence was presented that the accelera- 
ted packets of electrons near the sun have a power law distri- 
bution of energies with more electrons at lower energies, at 
least down to several keV. In such an electron stream, 
energy loss to plasma waves is very slow because the coherent 
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effects related to a positive slope on the distribution 
function are not present. This is true, except that with 
an abrupt stream onset the faster electrons move out ahead 
of the slower ones, leading to the possibility of coherent 
energy loss at the leading edge of the stream (Baldwin, 1964; 
Zaitsev et al.,1972). The observations of Lin et al.,(1973) 

show that at 1 AU such a velocity separation does occur, leading 

to an observed positive slope on the differential energy 
spectrum which moves down to lower energies at later times. 

The electron radio burst comparisons (Lin et al., 1973) 
in figure 20 show that the radio burst excitation occurs 
at the leading edge of the stream during the passage of the 
first electrons possessing energies of several hundred 
down to ~10 keV. It is clear that much detailed work on 
these processes remains (Zaitsev et al . , 1972). Recent 
work on nonlinear stabilization of the electron beam 
applicable to the leading edge looks promising (Popadopoulos 
et al. , 1973) . 

Until a complete analysis is available it is not 
immediately clear which energy electrons are most effective. 

For instance, close in to the sun near the beginning of the 
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event the faster- moving electrons may be most important; 

farther out, where the velocity separation has had more time 

to disperse the exciter, the more numerous slower electrons 

may be more effective in producing radio waves, leading to 

an apparent exciter slowdown. 

3.4.2 Exciter Length 

Assuming that the radiation bandwidth is 

small, the length of the excitation region passing a given 

level in the corona can be estimated from the product of 

the burst excitation time t with the average exciter speed 

e 

(Hughes and Harkness, 1963). Using the variation in exciter 
speed with distance taken from figure 26 , the radial size L 
of the excitation region at distance R was found (Evans 
et al. , 1973) to be: 


L - 170 R 

Q 

at 

R - 190 

R 

© 

(67 

kHz) 

L = 16 R 

© 

at 

R = 24 

R 

© 

( 1 

MHz) . 


Aubier and Boischot (1972) by a similar analysis at higher 
frequencies found 

L = 0 . 9 R at R - 1.5 R (36.9 MHz). 

© © 

Thus the exciter extent amounts to a large 
fraction of the source distance from the sun. 
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3.4.3 Exciter Velocity Dispersion 

To investigate the effects of velocity 
dispersion AV/V of the exciter, a model of the change of 
exciter length with distance is required. Because of the 
inherent uncertainties involved in such theoretical calcula- 
tions as well as in the observations, Evans et al . , (1973) 
have adopted a simple two-stage model, which reflects the 
two distinct regions in which the exciter propagates. 

Close to the sun where the solar magnetic field is the 
dominant influence, the model of Weiss and Wild (1964) for 
propagation along or near a neutral sheet has been used. 

For distances larger than 10-20R , the magnetic field is 

© 

carried out with the expanding plasma. The transition 

point between field-and flow-dominated motion was assumed 

to be 10 R . 

© 

The injection condition was taken by these 
authors as isotropic over a vertical hemisphere with a velocity 
distribution given by 

(v-v ) 2 

F(v) = exp [ ^— ] (6) 

2c 2 

where v q = constant and ° = velocity dispersion. 
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Above 10 R a simple expansion model was employed to 
© 

investigate the growth of the particle packet. Using this 
two-stage model, Evans et al . , (1973) have calculated values 
of t for three values of velocity dispersion, Av /v = 0.2, 

0.39 and 0.75 (iv = 2c r) . The results of these calculations 
were compared with observed values of t not only at low 
frequencies but also with those quoted in the literature 
at higher frequencies (e.g. Weiss and Sheridan, 1962; Elgaroy, 
1965; Aubier and Boischot, 1972) . If it is assumed that the 
exciter velocity is constant, the comparison of observations 
with calculations suggests an apparent increase in velocity 
dispersion of the packet with increasing distance from the 
sun. In fact, this apparent increase is evident throughout 
the entire frequency range, covering both regions of propaga- 
tion. 

However, this apparent increase in dispersion can also 

be interpreted as a relative slowdown of the majority of 

the particles with respect to the leading edge. Therefore, 

utilizing the decrease of exciter speed from figure 26, the 

theoretical and experimental values of t obtained are shown 

e 

in figure 27. The low-frequency observations are seen to be 
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consistent with a constant dispersion of « 0.39 provided that 
the exciter speed decreased with distance from the sun as 
determined by Fainberg et al. (1972). The high-frequency 
observations can also be made consistent with this dispersion 
if the injection angular volume is made smaller, i.e. into 
a 45° half-angle cone instead of into a hemisphere. This 
is shown by the dashed curve in figure 27. 

3.4.4 Burst Decay 

The exponential decay of type III bursts has 
been observed in single bursts to remain constant over 5 
decades of intensity. This has great significance because 
it suggests a damping process with an energy loss proportional 
to the energy remaining. In addition, it implies that the 
damping constant t is not a function of either time or intensity 
and furthermore that the conversion efficiency from plasma 
waves to radio emission must also not be dependent on intensity 
or time. The possibility of the time and intensity dependence 
exactly balancing each other to give the observed decay 
seems unlikely. 

At the present time, the physical process 
responsible for the decay of type III radio bursts is not 
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understood. Several mechanisms which have been suggested 
for the burst decay are Landau damping and collisional 
damping. 

In collisional damping (Jaeger and Westfield, 1949) 
it is assumed that the observed decay of the type III bursts 
is due to the damping of plasma oscillations via Coulomb 
electron-ion interactions. In this case the damping time 
for Coulomb electron-proton collisions is given by (Spitzer, 
1962) 

t = 2.0 x 10 6 f“ 2 T 3/2 (7) 

d e 

where T is the electron temperature and f the frequency 
in Hz. 

Thus from the observed decay times the coronal electron 
temperature T e can be determined. Application of this 
technique at high frequencies has led to derived temperatures 
which are in reasonable agreement with coronal conditions 
(Kundu, 1965). However, recent work by Aubier and Boischot 
(1972) at decametric frequencies based on this technique 
has yielded larger temperature gradients at longer wavelengths 
than seem reasonable. In addition, the low-frequency measure- 
ments of t have yielded a temperature fall-off with distance 
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from the sun that increases the discrepancy (Hartz, 1964; 

Slysh, 1967c; Hartz, 1969; Alexander et al . , 1969; Haddock 
and Graedel, 1970) to the extent that T derived in this 
manner is well over an order of magnitude too low at 1 AU 
(Evans et al . , 1973). 

Solar wind observations of electron and proton temperatures 
have yielded an average temperature ratio smaller than predicted, 
and calculations have been made based on increased non- 
collisional coupling effects (Wolff etal., 1971). Alvarez 
and Haddock (1973) have shown that the radial dependence of 
this suggested enhanced coupling is nearly equal to that 
required by the radio observations to account for the ob- 
served burst decay times. 

Other explanations of the radio burst damping have 
been suggested which are based on Landau damping processes. 
Zaitsev et al . (1972) have considered Landau damping of the 

plasma waves by exciter electrons after the leading edge has 
passed. They give burst profiles calculated in a one- 
dimensional treatment of this process which seem to agree 
well with small hectometric bursts. However, the agreement 
is not good for large bursts where the theoretical profiles 
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fall off much too rapidly and do not yield the 4-5 decade 
region of exponential decay observed in large bursts. 

Harvey and Aubier (1973) have considered the effects of 
Landau damping caused by the density decrease in the source 
region resulting from the outward convection of the solar 
wind. This density decrease causes the phase velocity of 
plasma waves to reduce to the point where Landau damping 
from the medium becomes dominant. However, the calculations 
of Harvey and Aubier (1973) indicate that an abrupt turnoff 
of the radio burst at low frequencies should occur shortly 
after the burst peak and this is not observed. It may be 
that some of the plasma waves can escape this fate by 
propagating towards the sun to compensate for the outward 
convection. 

4. CONCLUDING REMARKS 

The analyses of satellite observations of type III 
solar radio bursts made thus far have shown their great 
potential for the study of interplanetary processes. 

More results can be expected from currently available 
data, on the relation of type III burst trajectories to 
large-scale features of the solar wind, including magnetic 
sector structure and plasma density inhomogeneities such 
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as coronal holes as well as coronal transient effects 
following large flares. The effects of scattering (Steinberg 
et al., 1971) on observed source directions and sizes must 
be considered in more detail. Additional radio burst 
comparisons with energetic particle events can be expected 
to provide new quantitative information about the beam- 
plasma interactions. 

The recently launched lunar orbiting radio astronomy 
spacecraft, RAE-2, will provide additional information 
about source directions and sizes derived from occultation 
studies of radio bursts. A joint NASA-GSFC and Meudon Ob- 
servatory radio satellite experiment utilizing a spinning 
tilted dipole antenna pattern which will permit the two- 
angle tracking of radio bursts is planned for a 1978 launch. 
This experiment will yield the first results on the gross 
features of the interplanetary magnetic field configurations 
out of the ecliptic. The value of this experiment would be 
greatly enhanced by two spacecraft able to make simultaneous 
observations from an extended baseline. Source location 
could be determined by triangulation and this would determine 
the 3-dimensional trajectories of the bursts through the 
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interplanetary medium without the use of models of average 
radio emission levels. The radio experiment on the HELIOS 
satellite (1974 launch) which will have a solar orbit as close 
a s 1/3 AU should bring significant new information on the 
basic emission and propagation processes. Direct measure- 
ment of plasma waves may be possible with this spacecraft 
when the antennas are in the burst excitation regions. 

We may anticipate that the combination of radio ob- 
servations and particle measurements will stimulate a 
successful theoretical treatment of the emission process. 
Besides the contribution to radio astrophysics in general , 
a comprehensive picture of the emission process combined 
with electromagnetic observations over a wide spectrum 
will culminate in a more detailed picture of interplanetary 
processes and dynamic conditions at the electron acceleration 
region itself. 
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FIGURE CAPTIONS 


Dynamic spectra of type III bursts at hectometer 

wavelengths observed with the RAE-1 satellite. The 
upper figure shows computer-developed dynamic spectra 
from 5.4 to 0.3 MHz with 1-db intensity contours. The 
lower figure shows the intensity profiles at six 
frequencies corresponding to the horizontal lines 
through the upper figure. A single type III burst is 
shown in figure (a) illustrate typical rise, decay and 
drift times in this part of the spectrum. Figure (b) 
illustrates the complex structure resulting from the 
merging of groups of single events. 

A 30-min segment of data of a solar storm of type III 
bursts near CMP. The drift in frequency, limited 
burst bandwidth, and large numbers of small bursts 
can be seen. 

A 30-min segment of data from the same storm as figure 
2 but 4 days prior to CMP. The lower occurrence rate 
and slower drift rate of the bursts is evident. 



4. 


The minimum (left) and average (right) flux for 


10-min periods of the August, 1968 storm as a 
function of heliographic longitude (day number) of 
the associated active region. The temporary decrease 
in storm activity on August 21 was also observed at 
metric frequencies. The average flux consists of 
both continuum and burst components, while the minimum 
flux at the higher frequencies is essentially the 
continuum component. 

5. Intensity-time profile of a typical single burst. 

The upper figure represents the burst envelope with 
spin modulation removed by computer processing. The 
lower plot has the background removed and 
exponential decay extending over 4 decades of intensity. 
The excitation time is t 

e 

6. Typical frequency drift rates (from Alvarez and Haddock, 
1973) of type III bursts over a wide range of frequencies. 

7. Typical decay times (left scale) and excitation times 
(right scale) of type III bursts over a wide range of 


frequencies . 



8. The energy flux spectra of various components of solar 


radio emission. The high-frequency curves are from 
Wild et al. (1963). The RAE-1 data for the December, 
1968 burst should be considered as lower limits as the 
receivers were saturated by the burst. 

9. The brightness-temperature spectra of various components 
of solar radio emission. The high-frequency curves are 
from Wild et al . , (1963). The RAE-1 data for the 
December, 1968 burst should be considered as lower 
limits as the receivers were saturated by the burst. 

10. Electron density vs. distance from the sun in the outer 
corona. The solid curve represents the values given 

by Newkirk (1967) as best estimates during solar 
minimum. The values given by the radio measurements 
are from single bursts and are placed assuming the 
type III radiation was observed at the fundamental 
of the local plhsma frequency. They should be displaced 
downward a factor of 4 if the radiation was observed 


at twice the plasma frequency. 



11. Models of the variation of electron density and 
temperature with distance (Alexander et al., 1969) 
from the center of the sun for the "average” corona 
and for active region streamers. Model I streamer 
temperatures are derived from burst decay times; Model 
II streamer and " average " temperatures are assumed to 

be equal. The circled points represent streamer tempera- 
ture derived from decay times reported by Malville 
(1962) at 25 MHz and streamer density found by Malitson 
and Erickson (1966) at 26.3 MHz. 

12. The dependence of burst drift rate between 1.3 and 1.0 
MHz on heliographic longitude for the August, 1968 storm. 
The least squares fit, indicated by black circles in 

the figure, gives a level separation of 4.4 R and an 

e 

average exciter speed of 0.35 c. 

13. A type III burst observed between 1 MHz and 30 kHz by 

the IMP-6 radio experiment. The insert figure illustrates 
the observed spin modulation at a frequency of 250 kHz, 
while for the main figure, only the burst envelopes are 


shown for clarity. 



14. Directions of arrival (in the ecliptic plane) determined 
from the spin modulation for the burst in figure 13. 

The trajectory shown by the black dots is fixed by 
using the RAE-1 emission level scale (see text) . The 
trajectory shown by the open circles is determined 

by the distance of closest approach permitted by the 
arrival direction. 

15. Interplanetary density and plasma frequency scale as 

a function of distance in solar radii. The interpolated 
density scale is given by a line between the value 
determined by light-scattering observations, labeled L, 
and that from space probe measurements, labeled S. The 
circles are the density scale corresponding to the 
closest approach trajectory shown in Figure 14, assuming 
radiation occurs at the plasma frequency. These 
points map into the squares if radiation occurs at 
the second harmonic of the plasma frequency. 

16. Comparison of observations from IMP-6 of a type 
II solar radio burst with the average velocity of 

the shock front, assuming that the type III bursts used 
to derive coronal emission levels were observed at the 


plasma frequency (Malitson et al . , 1973b) 



17. Same as fig. 16 except for the assumption that the 
type III bursts were observed at the second harmonic 
of the plasma frequency, and the inclusion of the 
30-kHz data. 

18. The time variation of solar radio continuum emission 
in metric and hectometric frequencies (200, 2*8 and 
1*31 MHz) and of solar keV electrons (- 22 and - 45 
keV ranges) . 

19. Average trajectory of a type III burst for which 
simultaneous electron measurements were made. See 
figure 19. 

20. (a) Intensity-time profiles (spin modulation removed) 
of a type III burst observed on 16 May 1971 for 
frequencies from 2600 kHz to 44 kHz, The loss of 
spin modulation at 55 kHz places this level at 1 AU. 
Note the observed electron onset times. 

(b) The burst of 27 April, 1972. In this case the 
loss of spin modulation places the 44-kHz level 
closest to 1 AU. (Lin et al., 1973). 

21. (a) Dynamic spectrum of a hectometer U burst. Numbers 
on the figure indicate intensity in decibels relative 



to cosmic noise background. Note the frequency limit 
of the return branch. (b) The magnetic bottle inferred 
from the U burst. The model is based on the RAE-1 
density scale (see text) and an assumed exciter speed 
of 0.3 c. Bars on the figure show the positions 
determined from the dynamic spectrum relative to the 
start of the burst. 

22. Format of a computer-generated plot of data from IMP-6. 
The plane of the figure is the ecliptic with the IMP-6 
and Earth located at bottom - ©. For each minute of 
data, the intersection of the measured type III arrival 
directions with the spherical emission level is 
determined, and a radial line segment with length 
proportional to log intensity is plotted. This figure 
is a collection of data from 32 frequencies spaced 
taken at 5 sec intervals for a 2-min period. 

23. Frames separated by 2-min intervals during a large 
type III burst. A low-level solar storm visible over 
the first 1/3 AU is present before and after the burst. 

24. Two type III bursts. The first, starting near 1531 UT, 
shows no high-frequency components although it was 
quite large. The second burst starting near 1602 UT, 
does have high-frequency components. 



25. Two type III bursts with no low-frequency components. 

26. Average burst exciter velocity(v) divided by the 
velocity of light (c) , as a function of distance 
from the sun for the trajectory of closest approach. 
Corrections were made for the travel time of light. 

The burst onset times yielded the values labeled by 
triangles and correspond to the faster particles in the 
exciter. The burst peak times yielded the values 
labeled by X and correspond to particles producing 
most of the radio burst energy. These results are 
based on the analysis of only one burst, that shown 

in Figure 13. 

27. Calculated curves and observational values of t fi vs, 
frequency. The calculated curves were obtained assuming 
the exciter velocity decreases with distance, for 
distances greater than 10 R^. The solid curves assume 
the injection conditions are into a vertical hemisphere. 
The dashed curves are for injection into a smaller 
volume, approximately a 45° half-angle cone. 
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